The multi-step hydrogenation and dehydrogenation on the pressure-composition-temperature relations for the Mg 17 Al 12 -H system was thermodynamically discussed on the based upon the enthalpy for Mg-Al alloy recombination during corresponding reaction with hydrogen. Pressure-composition-temperature diagrams were measured Mg 17 Al 12 -H system by means of the volumetric technique in the temperature range of 598-648 K. The isotherms show two step hydrogenation and dehydrogenation indicating a disproportionate formation of MgH 2 via Mg 2 Al 3 intermetallic phase. The decomposition of Mg from the intermetallic phase causes thermodynamic destabilisation for the formation of Mg hydrides. The molar enthalpies of hydride formation for the investigated systems are: ÁH f ¼ À38:5 AE 0:9 kJ (mol H ) À1 for the Mg-H system;
Introduction
Magnesium hydride, MgH 2 , is potentially high capacity hydrogen absorbers since the Mg absorbs considerable amount of hydrogen around 7.6 mass%. 1, 2) However, the formation or decomposition of MgH 2 takes place at relatively high temperature above 573 K, which does not satisfy the requirement in an actual application use. 3) As mentioned above, the Mg hydride is thermodynamically very stable and the kinetics on hydrogenation-dehydrogenation is significantly slow. [4] [5] [6] [7] To control those properties of Mg hydride, two aspects should be paid from the view of ''kinetics'' and ''equilibrium''. On the first view, the addition of catalyst seems to be the most probable solution for the enhancement of hydrogenation-dehydrogenation kinetics. 8, 9) The transition metals or metal oxides play the role of pathway for electron exchange between Mg and hydrogen molecules upon the hydrogen charge-discharge reactions. The second view provides the modification of the thermodynamic properties using Mg-based alloys or compounds. The properties of the metal hydrides are traditionally controlled by the nature and relative amount of the constituent elements. 10) However, this straight forward way does not affect the thermodynamic properties of Mg-based hydrides in most cases, because the thermodynamic stability of Mg-based alloy is dominated by the strong Mg-H bonding. 11, 12) From the thermodynamic point of view, stability of Mgbased alloys gives spontaneously the results that hydrogen absorption-desorption pressures becomes lower. Even if the attempt from the kinetics view succeeds the decreasing temperature for hydrogen charge-discharge reaction to Mg, the Mg-based hydrides are not convenient as hydrogen storage media since the hydrogen supplying pressure is too low less than 10 À6 MPa at 373 K. The combination of both approaches is of importance towards to hydrogen applications.
Previously reported 5, 6) Mg 17 Al 12 intermetallic compound uptakes hydrogen accompanied with two-step disproportionations from the parent compound as:
It should be emphasised that only decomposed Mg from the compounds absorbs hydrogen during the reactions shown above. Consequently, the P-C isotherms for Mg 17 Al 17 -H systems show two pressure plateaux, and both plateaux are significantly higher than that of Mg-H systems. This implies the fact that the thermodynamic destabilisation of the MgH 2 takes place in the reactions of (1) and (2). Andreasen pointed out that endothermic reaction from the decomposition of intermetallic contributes to the enthalpy changes on the hydrogenation-dehydrogenation, implying that the stability of MgH 2 becomes lower.
13)
The present study is focused on the thermodynamic destabilisation of MgH 2 with a phase separation of Mg 17 Al 12 intermetallic compound. The influence of a phase separation on the thermodynamic stability of MgH 2 was quantitatively discussed. The considerable differences between single-step and multi-step reactions were demonstrated. The idea of thermodynamics for such reaction, ''hydrogen storage alloy with phase separation'', will be proposed.
Experimental Procedures

Preparation of sample
The Mg 17 Al 12 intermetallic compound was prepared by a flexible shaking-type high energy ball milling (Super-Misuni NEV 8) under Ar atmosphere with a rotation speed of 720 rpm for 5 h. A stoichiometric mixture of starting materials from Mg (powder with <180 mm, >99:9% purity grade), Al (powder 53-106 mm, >99:99% purity grade) were loaded into the SUS304 steel vial with fourteen balls together. The inner volume of the vial and the size of ball were, respectively, 100 mm 3 and 12.7 mm diameter. The weight ratio of the ball to the sample was 73 : 1. On the milling processes, the temperature around the vial was controlled by water-cooling system at 293 K.
The formation of the Mg 17 Al 12 with the Mn-type structure was confirmed by powder X-ray diffraction using CuK 1 radiation. No significant impurity phases were found. The refined unit cell parameter for Mg 17 Al 12 was a = 1.0559(4) nm. The value agrees very well with the reference data.
14) Stoichiometric composition was determined by Electron Probe Micro Analyser. Any significant contaminative impurities from the vial or balls were confirmed to be negligibly small.
Pressure-composition isotherms measurement
Pressure-Composition-Temperature (P-C-T) relations were volumetrically determined by a Sieverts' method at 598 K, 623 K and 648 K. The samples were activated at 623 K for 24 h under hydrogen atmosphere at pressure 6.0 MPa, and subsequently several hydrogenation-dehydrogenation cycles were made prior to the P-C-T studies. Hydrogen gas of 99.99999% (7N) grade purity was used. Figure 1 shows P-C-T diagram for the Mg 5, 6) The stability of hydrides is closely related to the plateau pressures. Two plateaux in Mg 17 Al 12 -H systems show significantly higher pressures than that in Mg-H system as shown in Fig. 2 . The maximum hydrogen capacity was normalised as 0 < r < 1. [15] [16] [17] Common feature of those is disproportionation reaction upon the hydrogenationdehydrogenations. Possibly, such behaviour is the only the way to destabilise Mg hydrides thermodynamically.
Results and Discussion
P-C-T isotherms
The plateau behaviour on the second plateau for the Mg 17 Al 12 -H systems seems to be rather of difference than the behaviour for the Mg 2 Al 3 -H systems, 16, 17) although both reactions can be commonly described as eq. (2). The second plateau pressure for the Mg 17 Al 12 -H system shows 0.95 MPa at 598 K, while the plateau pressure on the Mg 2 Al 3 -H systems equals to approximately 0.7 MPa.
17) It suggests the reaction (2) may not be simple from the thermodynamic point of view, when going through the reaction (1). This will be discussed as related to the thermodynamic properties later in the part of this paper.
Thermodynamics for Mg 17 Al 12 -H systems
Based on the temperature dependence of the isotherms presented in Fig. 1 , the molar enthalpies ÁH f for the hydride formation were determined from the van't Hoff plots of P H 2 versus 1=T in the plateaux (see Fig. 3 ). The calculated values are summarised in Table 1 . The values of enthalpies for the Mg 17 Al 12 -H system are significantly higher than of Mg-H system. Such lower thermodynamic stability of the system Mg 17 Al 12 -H is in good agreement with the measured isotherms (see Fig. 2 ).
Overall reaction of the Mg 17 Al 12 -H system can be separately described with the enthalpy changes as followings: 
The combination of eqs. (3), (4) and (5) or eqs. (5) and (6) describes the reaction on the first plateau or the second plateau for the Mg 17 Al 12 -H system, respectively, as:
From eqs. (7) and (8) is in well agree to the experimental data (À36 AE 1 kJ (mol H ) À1 ), which is consist with the result by Andreasen.
13) However, the trends of behaviour for ÁH 2nd f change does not agree with the experimental data (À31 AE 1 kJ (mol H ) À1 ) at all. This leads to the question arising that the idea of endothermic contribution from the phase separation may be more complex. 19) Because only Mg absorbs hydrogen in whole reactions, the id H and ex H should be independent of the root of hydrogen uptake even for the single step or multi step reactions. Thus, the deference between the first plateau and the second plateau may be associated with the reference part Á H . Figure 4 illustrates the schematic isotherms for two-step phase separation type reaction as a function of normalised H per formula unit of metal r. For two reaction steps, the inset axis are individually given as the re-normalised r 0 and r 00 . The Á H refers to the infinite dilute region of H in metal, 19) which can be defined as r 0 ! 0 for the first and r 00 ! 0 for the second steps. It should be noted that the reference points are of difference between the first and the second reactions against real scale r.
In both reactions, the pressure plateaux may occur in the structure transformation type from Mg (P6 3 /mmc) to MgH 2 (P4 2 /mmm). In this case, the enthalpy change could be given by Rudman.
When the values of enthalpy change were calculated for eqs. (7) and (8), which was presented earlier in this part, the reference enthalpy was taken the same value for both reactions with the r ! 0 (¼ r 0 ! 0). As discussed above, however, it should be rejected for eq. (8) . Based on eq. (10), the value of the enthalpy change for the second plateau describing in reaction (8) to the experimental value À31 AE 1 kJ (mol H ) À1 . On the basis of these considerations, we suggest that in the multidisproportionation the thermodynamic references should be taken as the different points in the whole reactions.
Conclusions
The present study shows a multi-step hydrogenation for the system Mg 17 Al 12 . A beneficial advantage of hydrogen storage alloy with phase separation is to decrease thermodynamic stability of Mg hydrides. Hydrogenantion drives two steps formation of MgH 2 with phase separation from the intermetallic Mg 17 Al 12 phase, and the thermodynamic stability of MgH 2 becomes lower than that of pure Mg-H system. For the first-step disproportionate hydrogenation, the thermodynamic behaviour can be well explained by the only endothermic contribution with a phase separation. The second-step hydrogenation is more complex, and the reference part of a chemical potential in the solid phase should be reconsidered again with the endothermic contribution.
